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Zero-phonon emission and magnetic polaron parameters in EuTe
A phonon structure in the photoluminescence of EuTe was discovered, with a well-defined zero-phonon emission line (ZPL). The ZPL redshifts linearly with the intensity of applied magnetic field, indicating spin relaxation of the photoexcited electron, and saturates at a lower magnetic field than the optical absorption bandgap, which is attributed to formation of magnetic polarons. From the difference in these saturation fields, the zero-field polaron binding energy and radius are estimated to be 43 meV and 3.2 (in units of the EuTe lattice parameter), respectively. Optical control of magnetism is a topic of great current interest.
1 Due to the large magnetic moment of an Eu atom (S ¼ 7/2) and the high density of Eu atoms in an EuTe crystal with a transparency window in the visible/infrared, the control of magnetic order in EuTe could have applications in magneto-optical devices. The accepted EuTe level scheme consists of a localized 4f 7 valence state within the forbidden gap between the valence band and a 5d(t 2g ) conduction band. This so-called fd model describes very well the main magneto-optical properties, 2,3 the quadratic dependence of the absorption bandgap on applied magnetic field, 4 the emergence of narrow dichroic absorption lines in a magnetic field, [5] [6] [7] as well as non-linear optical properties of EuTe. [8] [9] [10] [11] However, photoluminescence (PL) observations suggest the activity of additional near-gap electronic energy levels beyond the fd model. At high excitation intensities, a narrow PL emission band (width 10 meV) with a peak at 1.92 eV is detected, which has been associated with an extra conduction band, described by a low density of states, lying below the 5d(t 2g ) band. 12 In this work, we report on the near-gap photoluminescence in EuTe, using much lower excitation power than in existing literature data. The samples were grown by molecular beam epitaxy on BaF 2 substrates. 13 The excitation source was a Nd:YAG 532 nm laser. Light was conveyed to the sample and collected from the sample using optical fibers. 7 All measurements were taken at 4.8 K. Typical PL spectra are shown as a function of excitation power in Fig. 1 . At large excitation powers ($20 W/cm 2 ), the narrow emission at 1.92 eV is seen, in agreement with Ref. 14. However, when the excitation power is reduced by 4-5 orders of magnitude ð.2 mW=cm 2 Þ, the PL develops an ensemble of equally spaced lines that combine into an emission band of total width 60 meV with a maximum at 1.88 eV. This PL emission, henceforward labeled MX 0 -band, is the subject of the present investigation.
When a magnetic field, B, is applied (the Faraday geometry was used), the MX 0 lines show a rigid giant redshift of 37 meV/T, up to a saturation field, which is approximately the same behavior reported for the MX 1 line. 12 However, in dramatic contrast to the MX 1 emission, whose intensity decreases with B and vanishes above 7.2 T, 12 at the highest field employed (9.5 T), the MX 0 intensity remained more than 50% of the zero-field value. Fig. 2 shows the MX 0 emission for samples of thickness 1, 1.5, and 4.2 lm, at B ¼ 9.5 T. The spacing between the lines comprising the MX 0 luminescence is independent of the thickness of the epitaxial layer, demonstrating that the line structure is not related to Fabry-Perot interference that causes modulation of the PL intensity of epitaxial EuTe grown on BaF 2 substrates. 12 The MX 0 lines are better resolved in thicker layers because they arise from luminescing regions that are further away from the BaF 2 /EuTe interface, whose adjacency contains many structural defects due to the 6% lattice mismatch. 13 For the thinnest (1 lm) epitaxial sample, the FabryPerot modulation period of PL intensity 12 is more than twice the MX 0 linewidth; thus, it causes only a small effect on the MX 0 lineshape. A Poisson distribution of intensities, sample at all fields, as shown by the thin black line in Fig. 2 for B ¼ 9.5 T, demonstrating that all MX 0 lines arise from the same electronic transition coupled to a vibrational mode. 15 The fitting yields the energy position of the zerophonon line as a function of B, the Huang-Rhys coupling strength S ¼ 1.5, the halfwidth of the individual lines d ¼ 7.8 meV, and line spacing hx ¼ 17:5 meV. The latter matches exactly the energy of the LO-phonon in EuTe, 16 which identifies the vibrational mode involved in the MX 0 emission.
In order to interpret the magnetic field dependence of the ZPL energy, shown in Fig. 3 , we first discuss briefly the absorption bandgap dependence on B, also displayed in Fig.  3 . The absorption dependence on the magnetic field is determined by the d-f exchange interaction, 4,17 characterized by an exchange integral, J df , between the electron in the excited 5d(t 2g ) state and the magnetic-field-oriented 4f 7 lattice spins. Above the spin-flop field of $0.08 T, the crystal contains a single domain described by two magnetic sublattices, oriented at an angle h with respect to the magnetic field direction as shown in the top right-hand side inset of Fig. 3 . 7 Angle h can be obtained by minimizing the molecular field energy of the n-th lattice spin in the fcc structure 7, 18 
where ). Due to spin conservation in the electric-dipole-allowed absorption process, immediately after excitation, the electron spin is oriented along the spin of a magnetic sublattice; moreover, following the Franck-Condon principle, the electronic transition takes place at fixed spatial and spin coordinates of the lattice; hence, the magnetic field dependence of the exchange energy of the absorbing state will be given by Dhm abs ¼ À In contrast to the absorption line, the ZPL emission shows a linear dependence on B, and a saturation at a smaller magnetic field intensity (Fig. 3) . Before recombination, the photoexcited electron relaxes exchange energy by flipping its spin towards a direction midway between the two sublattices, as shown schematically in the inset at the bottom lefthand side in Fig. 3 . Therefore, the magnetic field dependent shift of the ZPL will be given by Dhm ZPL ¼ ÀJ Xf S cos h, which from Eq. (2) gives a linear dependence on B as shown by the solid line in Fig. 3 , in agreement with experiment. Here, another parameter J Xf was introduced to characterize the exchange interaction between the relaxed photoexcited electron and the lattice spins. The value of J Xf S is determined by the maximum redshift of the ZPL prior to saturation, giving J Xf S $ 0.27 eV.
The exchange interaction energy between a single n-th lattice spin and the relaxed photoexcited electron is equal to D X ¼ Àjc n j 2 J Xf S cos h, where jc n j 2 is the amplitude of the photoexcited electron wave function at the n-th lattice site. When a photoexcited electron is present this energy must be added to the right-hand side of Eq. (1). The additional term D X favors the alignment of the lattice spins with the spin of the photoexcited electron, to form a magnetic polaron.
17
Within a radius R around the electron the tilt angle of the lattice spins is decreased to h 0 , as shown schematically in the bottom left-hand side inset in Fig. 3 . When D X is introduced into Eq. (1), the saturation field decreases by 17 where
a 3 is the number of Europium atoms within the polaron radius R and a ¼ 6.6 Å is the EuTe lattice parameter, 2011) then DB SAT becomes a function of J Xf S ¼ 0.27 eV and R only. Using the value DB SAT ¼ 1.2 T (see Fig. 3 ), the polaron radius is estimated to be R $ 3.2a.
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The tilt angle h 0 of the lattice spins at B ¼ 0, within the magnetic polaron radius, is determined by cosh 0 ¼
, to give h 0 $ 80 . Using h 0 , the energy relaxation of the electron-lattice system due to the exchange interaction (the magnetic polaron binding energy, E B ) can be estimated, through E B ¼ J Xf S cos h 0 $ 43 meV. If we subtract E B from the Stokes shift of 430 meV (see Fig. 3 ), the difference of 387 meV is too large to be attributed to an electron-hole Coulomb binding energy. This is indicative that the MX 0 luminescence arises from the de-excitation of an electronic state lying below the 5d(t 2g ) conduction band, as also observed for the MX 1 luminescence. 12 The absorbing and luminescing electronic states being different from one another also explains the numerical difference in the respective parameters J df S and J Xf S.
In order to find independent support for our E B estimate, the temperature dependence of the ZPL emission was investigated, using an excitation power of only 0.2 mW/cm 2 and is shown in Fig. 4 . Except for a narrow temperature interval around the Néel temperature, T N ¼ 9.6 K, where the phonon lines broaden and cannot be resolved due to statistical fluctuations in the exchange field of the localized spins, the ZPL could be picked up in the second derivative of the PL up to about 30 K, showing a blueshift of $20 meV. Above T N , thermal spin fluctuations increasingly reduce the net magnetization within the polaron radius, thus reducing the depth of the exchange energy potential attracting the photoexcited electron. Theoretical modeling of magnetic polarons in EuTe indicate that the localization radius of the photoexcited electron remains nearly unaffected in the temperature range between T N and 10 T N (Fig. 6 in Ref. 20) , therefore mostly the exchange energy of the photoexcited electron changes in this temperature range. In this case the ZPL emission shift of $20 meV between T N and T ¼ 30 K establishes a lower bound for E B , which is consistent with the value of E B ¼ 43 meV deduced above. E B ¼ 43 meV also agrees by order of magnitude with the value of 72 meV reported by Heiss et al., 12 which they deduced from an extrapolation of the Stokes shift of the MX 1 line to infinitely high temperatures. Our estimate, however, has the advantage of being deduced from parameter DB SAT established accurately, obtained from a single temperature measurement, with no extrapolation required. The polaron type observed in this work, consisting of a conduction electron dressed by a halo of canted Eu spins, but without a ferromagnetic core, confirms the theoretical prediction of Mauger and Mills, 21 who named such polarons as type-I. These results provide fundamental information on the basis of which to search for the optical control of magnetism in EuTe, using, for example, ultra-sensitive optical pump-probe techniques. 
